Quasi-perpendicular fast magnetosonic shock with wave precursor in
  collisionless plasma by Moreno, Q. et al.
Quasi-perpendicular fast magnetosonic shock with wave precursor in collisionless
plasma
Q. Moreno,1 M. E. Dieckmann,2 X. Ribeyre,1 and E. d’Humie`res1
1University of Bordeaux, Centre Lasers Intenses et Applications,
CNRS, CEA, UMR 5107, F-33405 Talence, France
2Department of Science and Technology, Linko¨ping University, SE-60174 Norrko¨ping, Sweden
(Dated: October 17, 2018)
A one-dimensional particle-in-cell (PIC) simulation tracks a fast magnetosonic shock over time
scales comparable to an inverse ion gyrofrequency. The magnetic pressure is comparable to the
thermal pressure upstream. The shock propagates across a uniform background magnetic field with
a pressure that equals the thermal pressure upstream at the angle 85◦ at a speed that is 1.5 times
the fast magnetosonic speed in the electromagnetic limit. Electrostatic contributions to the wave
dispersion increase its phase speed at large wave numbers, which leads to a convex dispersion curve.
A fast magnetosonic precursor forms ahead of the shock with a phase speed that exceeds the fast
magnetosonic speed by about ∼ 30%. The wave is slower than the shock and hence it is damped.
PACS numbers:
Several particle-in-cell (PIC) simulation studies have
found shocks that resemble their counterparts in a mag-
netohydrodynamic (MHD) plasma. The plasma model,
on which PIC codes are based, assumes that effects
caused by binary collisions between plasma particles are
negligible compared to the collective interaction of the
ensemble of plasma particles. We call such a plasma
collisionless. Binary collisions are essential in an MHD
model as they remove nonthermal plasma features and
equilibrate the temperatures of all plasma species.
Previous one-dimensional PIC simulations studied the
propagation of MHD shocks across a perpendicular mag-
netic field. Shocks reached a steady state [1–3] if they
moved slow enough to avoid a self-reformation [4]. Self-
reformation is a process that is not captured by an MHD
model. If the shock propagates perpendicularly to the
magnetic field then the dispersion relation of fast magne-
tosonic waves is concave for high frequency waves, which
implies that their phase velocity decreases with increas-
ing wave numbers; shock steepening drives slower waves
that fall behind the shock as seen in Ref. [3].
Here we demonstrate with a one-dimensional PIC sim-
ulation how turning the concave dispersion relation into
a convex one removes the trailing wave and gives rise
to a shock precursor. The precursor is formed by fast
magnetosonic modes that outrun the shock.
We compare aspects of the dispersion relation of a colli-
sionless plasma with those of a single-fluid MHD model.
The latter is valid for frequencies below the ion gyro-
frequency ωci = ZeB0/mi (Z, e,B0,mi: ion charge state,
elementary charge, amplitude of the background mag-
netic field and ion mass). One characteristic speed of
this model is that of sound c˜s = (γp0/min0)
1/2
, where
n0 is the plasma density, p0 the thermal pressure and
γ = 5/3 the ratio of specific heats. The Alfve´n speed
vA = B0/(µ0min0)
1/2
and β˜ = c˜2s/v
2
A equals the ratio of
the plasma’s thermal to magnetic pressure.
The phase speed of waves in the MHD plasma depends
on their propagation direction relative to the magnetic
field. We define θ as the angle between the wave vector
k, which is parallel to the x-axis, and the magnetic field
B0 = (B0 cos θ, 0, B0 sin θ). Two waves exist if θ = 0;
sound waves have the phase speed c˜s while that of the
incompressible Alfve´n waves is vA. Only one propagating
wave exists if θ = 90◦: the fast magnetosonic mode with
the phase speed v˜fms = (c˜
2
s + v
2
A)
1/2
.
Waves, which propagate obliquely to the magnetic
field, can be subdivided into fast modes with the phase
speed vf and slow modes with the phase speed vs with
2v2f,s
v2A
= (1 + β˜)±
(
(1− β˜)2 + 4β˜ sin2 θ
)1/2
. (1)
The fast mode (addition of both terms on right hand side
in Eqn. 1) is characterized by a magnetic pressure and a
thermal pressure that are in phase while both pressures
are in antiphase in the case of the slow mode [5]. The
phase speed of the slow mode goes to zero as θ → 90◦
and it becomes a tangential discontinuity. Magnetohy-
drodynamic shocks can be sustained by the slow and fast
modes as well as by the sound wave [6].
A collisionless kinetic model describes each plasma
species L by a phase space density fL(x,v, t), from
which the charge and current densities are obtained as
ρL = qL
∫
fL(x,v, t) dv and JL = qL
∫
vfL(x,v, t) dv.
Their summation over L yields the total charge ρ and
current J, which are coupled to the electric field E and
the magnetic field B via Ampe`re’s law and Faraday’s law.
This model represents correctly the waves close to all res-
onances of a collisionless plasma. A PIC code approxi-
mates the phase space density distributions by compu-
tational particles (CPs) and their velocities are updated
with the Lorentz force equation. The EPOCH code [7]
we use fullfills Gauss’ law and ∇ ·B = 0 exactly.
The ion acoustic speed of electrons with the tem-
perature Te and ions with the temperature Ti in colli-
sionless plasma is cs and the fast magnetosonic speed
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2vfms = (c
2
s + v
2
A)
1/2
for θ = 90◦. Both speeds are close to
their MHD counterparts. Table I defines further plasma
parameters that determine the properties of a magne-
tized plasma. These are the plasma frequencies of the
electrons ωpe and ions ωpi as well as the electron gyro-
frequency ωce. The electron thermal speed is vthe and rge
is the electron’s thermal gyroradius. The electron mass
is me, 0 is the vacuum permittivity and γe = 5/3 and
γi = 3 are the specific heat ratios for electrons and ions.
Parameter Numerical value
ωpe = (nee
2/0me)
1/2 9.35 · 1011s−1
ωce = eB0/me 1.5 · 1011s−1
vthe = (kBTe/me)
1/2 1.87 · 107ms−1
rge = vthe/ωce 1.25 · 10−4m
ωpi = (Z
2nie
2/0mi)
1/2 1.54 · 1010s−1
ωci = ZeB0/mi 4.07 · 107s−1
ωlh = ((ωceωci)
−1 + ω−2pi ) 2.46 · 109s−1
cs = ((γeTe + γiTi)/mi)
1/2 4.03 · 105m/s
va = B0/(µ0n0mi)
1/2 7.9 · 105m/s
vfms = (v
2
a + c
2
s)
1/2 8.88 · 105m/s
TABLE I: The plasma parameters in our simulation.
We use the following inital conditions for our simula-
tion. We resolve one spatial dimension x and three par-
ticle velocity components. Periodic boundary conditions
are used for the fields and open boundary conditions for
the computational particles (CPs). The simulation box is
large enough to separate effects introduced by the bound-
aries from the area of interest. The length L0 = 0.75 m
of the simulation box is subdivided into evenly spaced
grid cells with the length ∆x = 5µm. We consider here
fully ionized nitrogen.
The ambient plasma fills the interval 0 < x < 2L0/3.
Its electron and ion temperatures are Te = 2.32 × 107K
and Ti = Te/12.5. Table I lists all relevant parameters
of the ambient plasma with the ion density ni = n0 and
the electron density ne = 7n0 with ne = 2.75× 1020m−3.
A denser plasma fills the interval −L0/3 ≤ x ≤ 0. It
consists of ions with the density 10n0 and the temper-
ature Ti. The electrons have the density 70n0 and the
temperature 3Te. All species are initially at rest. A
spatially uniform background magnetic field with the
strength B0 = 0.85 T and orientation θ = 85
◦ fills the
entire simulation box. Our initial conditions match those
in Ref. [3] except for the magnetic field direction.
We represent the electrons and ions of the ambient
plasma by 3× 107 CPs each. Those of the dense plasma
are each resolved by 4.5× 107 CPs. The simulation box
covers the interval −2000 < x/rge < 4000 (rge : electron
thermal gyroradius). We examine the data during the
time interval T0 ≤ tωce ≤ Tmax with T0 = 2 × 104 (130
ns) and Tmax = 2.4 × 104 (160 ns). Tmax is resolved by
9.52× 106 time steps.
Equation 1 gives us the speeds vf ≈ vfms and vs ≈
vfms/25 for θ = 85
◦ and the dispersion relations of the
FIG. 1: The 10-logarithmic power spectrum PB(k, ω) of
Bz(x, t). The dispersion relation ωf = vfv
−1
thek is
overplotted and the horizontal line is ω = ωlhω
−1
ce .
Strong noise indicates weakly damped waves.
slow and fast modes are ωs,f = vs,fk. Their dispersion
relation in the collisionless plasma can be estimated with
a separate PIC simulation. It initializes a plasma with
the parameters given in Table I in a box with length 1 m
and periodic boundary conditions and evolves the fields
over the interval 0 ≤ tωce ≤ 1.7 × 104. Figure 1 shows
the power spectrum PB(k, ω) of Bz(x, t).
Strong noise indicates regions in k, ω-space that are
only weakly damped. The dispersion relation ωf follows
the frequency interval with strong noise for krge < 0.05.
The frequency of the strong noise increases beyond ωf
for krge > 0.05. The dispersion relation is convex at
such large k [8]. The band with the strong noise crosses
ωlh, which is no longer a resonance for θ = 85
◦, since
cos2θ  me/mi [9], and it gradually damps out with
increasing ω. Modes with krge ≈ 0.15 reach a frequency
ω ≈ 0.015ωce. Their phase speed is vthe/10 ≈ 2vf .
Figure 2 shows the ion phase space density, the ion
density and the magnetic field at the time T0. The ion’s
phase space density has its maximum at the left of Fig.
2(a) and the mean velocity of the ions vanishes. These
are blast shell ions. The ions gain speed with increasing
x in the interval −500 ≤ x/rge ≤ −50 and their density
decreases in Fig. 2(b). The acceleration is accomplished
by the rarefaction wave that propagates to the left into
the dense plasma and accelerates its ion to the right. The
accelerated ions form a blast shell that expands with a
constant speed and density up to x/rge ≈ 400. The ion
velocity remains constant but the density decreases from
its value in the blast shell to the density ni ≈ 1.5n0.
The magnetic field amplitude and, hence, its pressure
increase as the ion density decreases and the anticorre-
lation of both is characteristic of a slow magnetosonic
wave. A tangential discontinuity formed at this location
in Ref. [3], which considered a magnetic field direction
3FIG. 2: The plasma state at the time tωce = 2× 104: panel (a) shows the phase space density distribution of the
ions normalized to the maximum upstream value and clamped at 2.9 for visualization reasons. We recognize the fast
rarefaction wave (FR), the precursor wave (PW), the slow shock (SS), the fast shock (FS), the fast wave (FW)
precursor and the upstream (US) ions. We observe slow mode waves close to the slow shock. Panel (b) shows the
ion density ni/n0 . The blue lines denote ni = n0 and x/rge = 450. The magnetic Bz component is plotted in (c).
The blue line denotes Bz = B0 and x/rge = 450. The dashed red lines in (b,c) emphasize the phase relation between
ni and Bz and, thus, the wave mode.
θ = 90◦. The oblique magnetic field facilitates parti-
cle transport across the discontinuity, which changes the
tangential discontinuity into a slow magnetosonic shock.
The source of the ions in the interval 600 ≤ x/rge ≤
1350 is the ambient plasma and they have been accel-
erated and compressed by the forward shock, which is
located in Fig. 2(a) at x/rge ≈ 1350. The ion density
and the magnetic field amplitude both decrease with in-
creasing x across the shock and it is thus mediated by the
fast magnetosonic mode. Strong waves, for which the ion
density oscillates in phase with the magnetic amplitude,
are observed between the shock and the upstream. Their
amplitude of this shock precursor decreases with increas-
ing x and the phase relation between the thermal and
magnetic pressure shows that it is formed by the fast
magnetosonic mode. The precursor is a consequence of
the convex dispersion relation observed in Fig. 1. Shock
steepening drives waves with a large wave number, which
outrun the shock and propagate upstream. The wave-
length of the precursor waves is ≈ 80rge, which gives the
wave number krge ≈ 0.08 and a phase speed ≈ 1.3vf (See
Fig. 1).
The precursor wave is damped with increasing x >
1350rg.
Waves are also observed on both sides of the slow
shock. The vertical dashed red lines demonstrate that
the oscillations of the magnetic and thermal pressures
have an opposite phase, which suggests that they are slow
magnetosonic waves. We gain additional information
about these waves and the precursor by examining their
evolution in time in their rest frame. Figure 2(a) shows
that the ions move at the spatially uniform mean speed
vb ∼ 4.5× 105 m/s. The simulation frame equals the up-
stream frame and vb is thus the speed of the rest frame
of the waves in the upstream frame. We transform the
distribution of Bz(x, t) from the upstream frame into the
4(a) (b) (c)
FIG. 3: The evolution in time of Bz in the reference frame that moves with vb: panel (a) shows the field distribution
of the magnetosonic waves to the left of the slow shock, panel (b) that of the waves to the right and panel (c) shows
the magnetic field distribution of the fast shock and the precursor. The black lines in (a, b) have a slope that
corresponds to the speed vs, while that in panel (c) corresponds to the speed vf .
rest frame of the waves for the times 0 ≤ t∗ωce ≤ 4000,
where t∗ωce = tωce − 2 × 104. We transform space as
x∗ = x − vbt∗ for the times 0 ≤ t∗ωce ≤ 4000. The
moving frame matches that of Fig. 2 at t∗ = 0.
Figure 3 shows the wave fields in three intervals of
the box. The wave fields close to the slow magnetosonic
shock (location x/rge ≈ 400) in Figs. 3(a, b) reveal
waves that propagate away from the shock. Their phase
speed ∼ vs together with the phase relation between the
magnetic pressure and the thermal pressure in Fig. 2
demonstrates that these are slow magnetosonic waves.
The shock in Fig. 3(c) propagates at the speed vf in the
downstream frame of reference and at vf + vb ' 1.5vfms
in the upstream frame. The precursor waves outrun the
shock but their phase speed ∼ 1.3vf imples that they are
too slow to be undamped modes.
In summary we have modeled the expansion of a dense
plasma into a dilute ambient one in the presence of an
initially spatially uniform quasi-perpendicular magnetic
field. The thermal pressure jump between the dense and
dilute plasma drove a fast mode rarefaction wave, which
propagated into the dense plasma and launched a blast
shell into the ambient plasma. A slow mode shock formed
at the boundary between the blast shell plasma and the
shocked ambient plasma. The shocked ambient plasma
was separated from the pristine ambient plasma by a fast
magnetosonic shock. The convex dispersion relation of
the fast magnetosonic modes gave rise to a shock precur-
sor. The precursor softened the transition of the ambient
plasma into the shocked ambient one and we could not
observe a strong acceleration of ions by the shock pas-
sage. An absent shock-reflected ion beam implied that
the quasi-perpendicular shock did not reform by driving
solitons upstream [4].
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